Background and PurposezzCerebral venous flow obstruction (CVFO) is a fatal complication of traumatic brain injury. To compare the outcomes of patients with CVFO secondary to traumatic-brain-injury-induced transsinus fracture who were diagnosed early versus those diagnosed late in the therapeutic course.
Introduction
Cerebral venous flow obstruction (CVFO), which comprises cerebral venous sinus thrombosis (CVST) and nonthrombotic cerebral venous sinus stenosis (CVSS), is an uncommon condition characterized by hemodynamic deterioration in the cerebral venous or dural sinuses, and in rare instances in the cortical veins. 1 Decades of effort has successfully reduced the mortality of CVFO, the level of which has varied greatly in previous studies, from 20-78% to 4.39-10%. [2] [3] [4] This condition is estimated to account for 0.5-1% of all strokes, regardless of the underlying predisposing etiology. 2, 5 However, its prevalence increases significantly with the accumulation of risk factors, including traumatic brain injury. 1, 6 Traumatic brain injury can cause CVFO by either extravascular factors such as direct compression or endothelial damage to venous sinuses induced by skull fracture or intracranial hematomas, or by intravascular factors such as hypercoagulable states produced by traumatic blood loss and excessive application of dehydration therapy with mannitol. 7, 8 The raised clinical awareness of this condition and improvements in neuroradiologic techniques mean that nowadays increasing numbers of CVFOs are diagnosed at a relatively early phase. A previous study found that CVST occurred in 40.7% of patients with blunt head trauma who had skull fractures extending to a dural venous or jugular bulb, and that the CVST was occlusive in 55% of these patients. 9 However, with the exception of progressive headache and vomiting due to persistent intracranial hypertension, CVFO lacks typical clinical symptoms, and this means that many patients with CVFO are diagnosed late or even misdiagnosed, and are consequently subjected to unnecessary surgical procedures and prolonged morbidity.
While digital subtraction angiography (DSA) was originally considered the gold standard for the diagnosis of CVFO, the most widely used noninvasive techniques for evaluating the dural sinuses and cerebral veins today are magnetic resonance venography (MRV) techniques. 10 These techniques include 2D time-of-flight (TOF) MRV, 3D-TOF MRV, phasecontrast MRV, and phase-sensitive imaging MRV. Since it is easy to perform and does not require administration of a contrast agent, 2D-TOF MRV is commonly used for assessing the cerebral venous sinuses. 11 Furthermore, CT venography (CTV) is often used as an adjuvant imaging method to reduce the probability of potential false-positive results that may occur with 2D-TOF MRV and to increase the accuracy of CVFO diagnosis, since some patients have congenitally normal variations in the cerebral venous flow pattern.
Based on the hypothesis that early diagnosis and management of CVFO would result in a more favorable prognosis, repeated 2D-TOF MRV and/or CTV were used in the present study to evaluate traumatic-brain-injury patients with a high risk of CVFO, and the curative effects of systematic thrombolytic therapy with low-dose urokinase were analyzed.
Methods

Patients
The medical records of 403 patients with traumatic brain injury who had transsinus fracture at sites with a high risk of CVFO (including simple transsinus linear fracture, transsinus fracture and transsinus epidural hematoma, transsinus depressed fracture) were reviewed. All of the patients or their guardians provided written informed consent to participate in this study. The patients were divided into an early-diagnosis group and a delayed-diagnosis group to enable a comparative study. Scores on the Glasgow Coma Scale (GCS), Injury Severity Scale (ISS), and Glasgow Outcome Scale (GOS) were available for all patients. The early-diagnosis group comprised 338 patients who were admitted to our hospital between January 2006 and December 2010, while the delayed-diagnosis group comprised 65 patients who were admitted to our hospital between January 2004 and December 2005. Briefly, patients in the early-diagnosis group underwent daily lumbar puncture for intracranial pressure (ICP) monitoring. The contraindications for lumbar puncture include 1) obvious obstructed circulation of cerebrospinal fluid and 2) brain hernia. In 234 and 30 patients in the early-and delayed-diagnosis groups, respectively, ICP was recorded via lumbar puncture. Plain CT and/or MRI scans were carried out in patients who suffered from deteriorated clinical signs or symptoms or whose ICP persistently increased by 50-100 mmH2O/day or remained at a high level (above 300 mmH2O) for at least 3 days despite conventional dehydration therapy with mannitol (25 g, intravenous, twice per day) in order to preclude aggravated or new cerebral hemorrhages or cerebral edema. If there were no lesions in addition to the primary lesions, potential CVFO was suspected and CTV and/or MRV examinations were performed. After the diagnosis of CVFO, which usually occurred within 3 days after admission, patients were given systematic thrombolytic therapy with low-dose urokinase. Unlike patients in the early-diagnosis group, those in the delayed-diagnosis group did not receive CTV/MRV examinations until there were manifestations of malignant intracranial hypertension, such as impaired consciousness or even coma, which occurred at an average of 7 days after admission. The detailed diagnostic and therapeutic schedules are presented in Fig. 1 .
CTV/MRV examinations
The 2D-TOF MRV was performed using a 3.0-T or 1.5-T superconductive magnetic resonance scanner with a standard head coil (NOVUS, SIEMENS, Erlangen, Germany). Scanning was conducted twice, bilaterally at 15º. 11, 12 Some patients underwent repeated 2D-TOF MRV and CTV to reduce the false-positive rate associated with 2D-TOF MRV. Patients were excluded if 1) they developed central respiratory or circulatory failure due to a severe disease condition, 2) they had unstable vital signs, 3) they were unable or refused to submit to 2D-TOF MRV, 4) they had no symptoms of high ICP including headache and vomiting, 5) an additional CTV exami-nation revealed a patent sinus, or 6) they did not have increased ICP or symptoms despite having a thin transverse sinus on one side.
Criteria for the diagnosis of CVFO
Cerebral venous flow obstruction was diagnosed if MRV revealed local stenosis of the venous sinuses (local filling defect, sudden thinning, and visualization of the distal end), thinning of a venous sinus to less than half of the normal diameter of the distal end in the same venous sinus (thinning observed over a long distance), or nonvisualization of the venous sinuses at the site of transsinus fracture or transsinus hematoma.
Systematic thrombolytic therapy with low-dose urokinase
All patients diagnosed with CVFO were treated with urokinase, which was administered either within 48 hours after admission or 24 hours after surgery. The dosage of urokinase ranged from 20000 to 50000 U/day for children and from 100000 to 400000 U/day for adults. Adult patients were also given antiplatelet aggregation treatment with oral aspirin (100 mg once daily in the evening) for 1-3 months after urokinase treatment was discontinued. For patients with a severe disease condition [ICP >400 mmH2O (29.4 mm Hg) or nonvisualization of the venous sinuses on 2D-TOF MRV, particularly with regard to the superior sagittal sinus], and especially those with depressed fracture, low-molecular-weight heparin calcium (6000 U, subcutaneous, twice daily) was given due to damage to the endothelial cells of the venous sinuses. Clotting time and prothrombin time were closely monitored during the treatment. The dose and duration of urokinase were adjusted dynamically with reference to im- provement in clinical symptoms and reduction of ICP (measured by lumbar puncture). The patients were monitored intensively during hospitalization. Their response to urokinase therapy was checked on days 10-15 after the initial dose, and then again on day 45. After discharge from hospital, they were usually followed up monthly for at least 3 months.
Treatment of mechanical compression
For patients with transsinus depressed fracture, especially with a depression depth of >0.5 cm, urgent surgical intervention was performed to relieve the compression and repair any damage to the venous sinuses. Patients with mild hematoma did not require specific treatment. Patients with severe hematoma (hemorrhage volume of about 15 mL) could be treated with twist-drill drainage followed by injection of urokinase for clot lysis; if the hemorrhage volume was >20 mL and the patient's clinical signs or symptoms persistently deteriorated, hematoma evacuation was performed by decompressive surgery.
Statistical analysis
Data were analyzed using SPSS 15.0 statistics software (SPSS Inc., Chicago, IL, USA). Continuous data are presented as 
Results
Patient demographics and clinical characteristics in the two study groups
The demographics and clinical characteristics of the 403 patients enrolled in this study are presented in Table 1 . There were no significant differences between the early-diagnosis (n=338) and delayed-diagnosis (n=65) groups with respect to mean age (34.8±16. MRV/CTV visualization of the venous sinuses, stenosis of which was the most serious condition, was not possible in about half of the patients with CVFO. In addition, there was no significant difference between the study groups with regard to the extent of the obstruction in the right transverse sinus (p=0.054) or the presence of a sigmoid sinus or torcular Herophili (p=0.792) ( Table 2 ). However, the ratio of the most serious CVFO characterized by nonvisualization of venous sinuses seemed to be much higher for the superior sagittal sinus (8/13 vs. 5/28, p=0.019) and the left transverse sinus or sigmoid sinus (2/4 vs. 6/101, p=0.005) in the delayed-diagnosis group than in the early-diagnosis group. Moreover, the After the diagnosis of CVFO and subsequent thrombolytic therapy with low-dose urokinase, most patients in both study groups exhibited both functional recovery and neuroradiological improvement. Urokinase thrombolysis was well tolerated. Eighteen patients died, the majority as a result of brain hernia (12 cases) and the rest from a massive cerebral infarction (6 cases). The overall mortality rates were 2.4% (8/338) and 10.8% (7/65) in the early and delayed-diagnosis groups, respectively (p=0.001) ( Table 1 ). All of the surviving patients in both of the study groups achieved a satisfactory recovery, as demonstrated by significantly resolved clinical symptoms, normalized ICP, and increased GCS and GOS scores (Table 3) .
Neuroradiological outcomes of all patients as determined at the time of discharge
The early-diagnosis group included 74 patients with CVFO who were followed up with MRV prior to discharge. Nineteen patients were followed up twice with MRV (once prior to discharge and then again 1 month thereafter), and nine were followed up three times with MRV (prior to discharge, and then 1 and 3 months thereafter). In the delayed-diagnosis group, 15 patients were followed up adequately at the time of discharge, and 7 patients were followed up for as long as 3 months after discharge. The main reason for losing patients to follow-up was lack of motivation to visit the clinic for a follow-up assessment due to improvement of clinical symptoms. Furthermore, some of the patients lived some distance from our hospital and so chose to be rechecked in their local hospital. The results of the MRV examination at the time of discharge are given in Table 3 . Improvement in CVFO was observed in more than 80% of the patients in both study groups. Characteristic neuroradiological images obtained from three patients who suffered from severe CVFO resulting from transsinus linear fracture, transsinus depressed facture, and transsinus epidural hematoma are shown in Figs. 2-4 .
Discussion
The clinical significance of early diagnosis and management for CVFO for patients with traumatic brain injury and com- plicated transsinus fractures was investigated by comparing the effects of therapy on two groups of patients with different chronological diagnosis schedules. The results suggest that the CVFO was much more severe (p<0.001) in the early-diagnosis group than in the delayed-diagnosis group, and as a result the latter patients were given a greater dose of urokinase for thrombolytic therapy. Delayed diagnosis resulted in a significant increase in the risk of requiring surgery and a higher mortality. However, after thrombolytic therapy with a low dose of urokinase, patients in both groups had a favorable prognosis not only with respect to functional outcome, but also for neuroradiological outcome (as evaluated by MRV/ CTV examination at their final follow-up). Cerebral venous flow obstruction is commonly characterized by interruption of blood flow signals, filling defects, or irregular stenosis. 7 These neuroradiological abnormalities can be determined by DSA, which is the current gold-standard method of detecting the circulation status of the cerebral arteries and veins. DSA imaging may reveal stenosis of the intracranial venous sinuses, slight or no visualization, thickening or dilation of the cortical veins, and a prolonged circulation time in arteries and veins. 13 However, because it is an invasive technique and requires the patient to submit to local anesthesia, newer neuroradiological techniques such as MRV and CTV are increasingly being used for the diagnosis of CVST and CVSS. [14] [15] [16] DSA is also more time-consuming than 2D-TOF MRV and so is not suitable for prompt management if the disease condition changes. A recent study compared time-resolved imaging of contrast kinetics MRV with 2D-TOF MRV and 3D contrast-enhanced MRV to assess which technique was better for visualizing normal cerebral veins and dural venous sinuses. 10 It was found that time-resolved imaging of contrast kinetics MRV was comparable to 3D contrast-enhanced MRV and provided better visualization than 2D-TOF MRV. Therefore, although one advantage of 2D-TOF MRV is that it does not require contrast enhancement, thus reducing the risk of unexpected situations in patients with severe trauma, a disadvantage is that it does not provide op- timal visualization of veins and venous sinuses. In the present study, 2D-TOF MRV revealed interruption of blood flow signals in venous sinuses and at the narrowed sites, which are usually found at the sites of fracture or hematoma. This suggests that a thrombus is more likely to form at the site subjected to the highest external force, which is directly related to the damage to the endothelial cells of the venous sinuses. In addition, in depressed fracture, the fractured bone may press against or even pierce into the brain tissue, which together with pressure from epidural hematoma comprise the risk factors for CVFO. For patients with these conditions, early diagnosis with MRV is essential. Once CVFO is present, the depressed bones should be repositioned as soon as possible and the epidural hematoma should be removed so as to relieve the mechanical pressure on the cerebral venous sinuses. Furthermore, congenital variations in the venous sinuses, 
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Pre-UK therapy Post-UK therapy Fig. 4 . Recanalization of the right transverse sinus and sigmoid sinus in a patient with transsinus epidural hematoma after urokinase thrombolysis. Images were obtained from a female patient who had suffered a traumatic brain injury 3 hours before admission. Plain CT scans revealed an epidural hematoma crossing the right transverse sinus and sigmoid sinus (A). She received emergent twist-drill drainage for evacuation of an epidural hematoma on admission. Thereafter, the hematoma was gradually evacuated to relieve the mechanical compression (B). However, she still complained of persistent headache and occasional vomiting. A lumbar puncture was performed, which revealed a pathologically high ICP (300 mmH2O) and suggested the presence of CVFO. Subsequent CTV and MRV examinations revealed nonvisualization of the right transverse sinus and sigmoid sinus (C, E). This patient was given thrombolytic therapy with urokinase at a dosage of 100000 U/day. After 3 days of this medication her clinical symptoms were totally alleviated and her ICP had decreased to 115 mmH2O. 17 Given that an asymmetric lumen and interruption of blood flow are features used in the diagnosis of CVFO following traumatic brain injury, the diagnostic criteria for CVFO should be well designed so that there is sufficient capability to simultaneously distinguish between congenital variations of the venous sinuses and potential CVFO. In the present study, CTV was performed in addition to MRV in order to decrease the likelihood of false-positive results and increase the accuracy of the diagnosis of CVFO. In our opinion, the goal of treatment for traumatic brain injury is to help patients to survive the brain edema stage while avoiding cerebral herniation or other life-threatening complications due to the increased ICP. Relief of venous-sinus obstruction is thus a key step in the comprehensive treatment of traumatic brain injury; it is beneficial for early intervention in CVFO and avoidance of cerebral herniation or other life-threatening complications due to malignant intracranial hypertension following thrombosis progression.
The value of thrombolytic therapy with urokinase for patients with CVFO appears to be controversial. [18] [19] [20] A systematic review 11 found that although safe, there was a lack of evidence that urokinase was beneficial; however, the clinical effect of thrombolytic therapy has been demonstrated in both case reports and case series. 20, 21 The results of the present study suggest that early diagnosis and early administration of low-dose urokinase and concomitant dehydration (for treating hematoma/hydrocephalus and to reduce the ICP) can effectively halt the malignantly progressing intracranial hyperpressure and improve the microcirculation status. Moreover, low-dose urokinase is extremely unlikely to cause intracranial hemorrhage (prevalence of 1.03% in the present study), demonstrating that urokinase thrombolytic therapy is both well tolerated by patients and safe.
The disease status should be closely monitored during urokinase treatment. Levels of coagulation factors can be measured in a timely manner to avoid the severe consequences of intracranial hemorrhage. For patients requiring depressive craniotomy, fresh plasma and cryoprecipitate may be applied before surgery to counter the effects of urokinase; hemostatics including para-aminomethylbenzoic acid are not recommended because of the risk of thrombosis. After surgery, levels of coagulation factors are measured at 8-hour intervals; urokinase thrombolytic therapy should not be administered until the endogenous coagulation factors return to normal levels. Only two of the patients in this study developed a second intracranial hemorrhage after urokinase treatment. The present findings suggest that urokinase is safe for patients with CVFO only if coagulation function is monitored closely. The dose of urokinase and duration the treatment should be determined on the basis of recovery of clinical symptoms and reduction of ICP (as assessed by lumbar puncture).
The advantages of early diagnosis and early application of low-dose urokinase for treatment of CVFO are 1) avoidance of high-dose urokinase-induced intracranial hemorrhage, 12 2) protection from thrombosis-progression-induced severe consequences, 3) improvement in the blood flow in the veins and venous sinuses, and 4) reduction of the pathological increase in ICP. This therapy provides an important method for lowering ICP in the comprehensive treatment of CVFO.
There is a large space available for supratentorial compensation. A parietal transsinus epidural hematoma usually causes displacement of the sinus sagittalis superior and obstruction of venous return, but seldom results in complete obstruction of the venous sinuses. Simple transsinus fracture seldom causes thrombosis of the sinus sagittalis superior. 8, 22, 23 In contrast, only a small space is available for infratentorial compensation, and a transsinus epidural hematoma usually causes thrombosis of the transverse sigmoid sinus. It is difficult to establish a collateral circulation rapidly following thrombosis of the sinus sagittalis, and the venous return usually passes through the potential cortical veins into the transverse sinus or deep drainage veins, often causing a malignant increase in ICP. 24 Once a unilateral thrombosis is formed in the transverse sigmoid sinus, compensation may occur via the contralateral sinuses. Therefore, the increase in ICP may be not evident and a malignant increase in ICP is seldom detected. In a middle parieto-occipital fracture, and especially a depressed fracture, thrombosis at the posterior two-thirds of the sinus sagittalis superior and subsequent malignant increase in ICP should be prevented. The recovery of CVFO is usually obtained by 1) recanalization of the venous sinus, 2) enlargement of the caliber of the venous sinuses, 3) establishment of a collateral circulation, and 4) compensation by the contralateral sinuses. In the present study it was also found that the compensation-enhanced venous flow in the contralateral sinuses in patients who suffered from CVFO induced by a unilateral thrombosis of the transverse sigmoid sinus may become low, with accompanying changes in hemodynamics following recanalization of the affected transverse sinus.
Together the present findings indicate that attention should be paid to CVFO following traumatic brain injury, especially in patients with concomitant transsinus epidural hematoma or transsinus depressed fracture. Early diagnosis is needed for timely treatment in individual patients. Prompt surgical intervention to relieve mechanical pressure is recommended. The results further suggest that venous administration of low-dose urokinase is a key strategy for improving the over-all prognosis.
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